This paper focuses on the effect of spatially variable ground motions on the towers of cable-stayed bridges with 200, 400 and 600 m main spans. Seismic analysis of the bridges is performed, taking account of different sources of the spatial variability, namely; incoherence and wave passage effects. To address these effects, the response of the towers is assessed under the effect of different propagation velocities of the seismic waves and different assumptions on the coherency of the ground motion, to conclude that the effect of spatially variable motions on the seismic response of cable-stayed bridges is dependent on the assumed wave propagation velocity and rate of coherency.
Introduction
Cable-stayed bridges are landmark structures that consist key parts of transportation networks and are capable of spanning very long distances. In the event of an earthquake, these structures are affected by the differential movement of their supports, a phenomenon which is most widely referred to as spatial variability of the ground motion (SVGM). By definition, the differential movement of the supports begins when the structure is long with respect to the wavelengths of the input motion in the frequency range of importance to its seismic response [1] .The asynchronism in the ground motion can be attributed to the combination of the following components [2] :
• Wave passage effect refers to the difference in arrival times of the seismic waves to different stations and is accounted for by considering a finite value of the wave propagation velocity.
• Incoherence effect refers to the loss of coherency of the ground motion due to consecutive reflections and refractions of the seismic waves and is expressed through the coherency function.
• Local soil effect is due to the local soil conditions and the effect that these have on the amplitude and the frequency content of the ground motion, which is described by assuming different soil conditions at different supports.
The SVGM affects the response of cable-stayed bridges when compared to the response from synchronous motion. However, whether this effect is favourable of unfavourable cannot be determined beforehand due to the highly unpredictable nature of the ground motion. The differential movement between the pylons can alter the inertial forces in the structure and at the same time, additional pseudo-static forces are generated that are not present when the asynchronism is ignored [3] . The velocity of the propagating wavefront impacts the response of the structure and usually for lower velocities the response values tend to increase, which can be explained by the fact that low wave propagation velocities tend to increase the pseudo-static component of the response and decrease its dynamic component [4] . As the velocity increases, the response resembles the one of the synchronous motion and hence the pseudo-static component is gradually eliminated [5] . Furthermore, shorter bridges whose towers were shorter and stiffer were more affected by the asynchronism which comes in agreement with the critical finding that pseudo-static effects are more pronounced in stiff structures [6] . Indeed, a recent study [7] on the towers of cable-stayed bridges under the effect of various wave propagation velocities of seismic waves that were assumed completely correlated showed that lower velocities resulted in higher internal forces. Zerva [4] compared the impact of the incoherence and wave passage effects on the response of multiply supported structures with two and three spans and concluded that the incoherence effect is more important than the wave passage effect, which can be neglected in cases where the ground motion is highly incoherent. On the other hand, in cases where the seismic motion presents a high rate of correlation, the time lag between different supports can dominate the response of the structure. Later, Shinozuka and his co-authors [8] verified Zerva's finding for highway bridges but observed that for longer spans,such as those in cable-stayed bridges, the wave passage effect can be the critical component of the SVGM.
The present work is focused on the effect of the wave passage and incoherence effects on the seismic response of cable-stayed bridges. First the adopted bridges are described, followed by the presentation of the procedure to generate spatially variable seismic motions that are applied to the models. Focus is given on the propagation velocity of the seismic waves, by assuming different values in the range 250-2000 m/s to account for the propagation in different soils. Additionally, different approaches for the coherency of the seismic motion are presented in order to examine the extent to which the rate of coherency affects the response of cable-stayed bridges.
Description of the studied bridges and the seismic action

Bridge models
In this work the parametric definition of the cable-stayed bridges presented in [9] is adopted. The bridges are formed of two symmetric concrete towers with H-shape. The complete bridges, including the number of cables, tower and deck sections, are defined as functions of the main span length (L P ). This distance also defines the side spans (L S ) and the tower height above the deck (H). The cable-system is composed of two lateral cable planes (LCP) and the deck is formed of two longitudinal I-shaped girders at the edges, connected by transverse beams (equally spaced every 5 m approximately) and a 25 cm thick concrete slab on top. Figure 1 illustrates the parametrisation of the complete bridge models and their individual components. The deck is constrained vertically only at the intermediate piers and the abutments. It is restrained in the transverse direction (perpendicular to traffic) at the abutments and at the towers, forming a 'floating' type connection. The foundation soil under the towers and the intermediate piers is assumed equivalent to soil type D (TD) as defined in Eurocode 8 [Part 1 [10] ]. The flexibility of the towers foundations is considered by means of translational springs in the three orthogonal directions (X, Y and Z), while the three rotations are constrained. The intermediate piers are restrained only in the Z direction. The properties of the materials used in the models are defined in accordance with Eurocode 2;Part 1.1 [11] and Eurocode 3;Part 1.1 [12] and Part 1.11 [13] . The materials are kept in the elastic range during the sets of analysis. The bridges are modelled using the FE software package Abaqus [14] . For the analyses, the system of equations of structural dynamics is integrated stepby-step, employing the direct implicit HHT algorithm [15] , with a typical time-step equal to 0.01 s. The structural damping is defined by means of the Rayleigh distribution, imposing a damping ratio ξ=2% at the first and last vibration frequencies of interest for each bridge; the first frequency being 0.50, 0.34 and 0.20 Hz for the 200, 400 and 600 m bridges respectively and the last frequency of interest being fixed at 20 Hz for all bridges. 
Spatially variable motions
The seismic action is applied to the foundations of the bridge models by means of ten sets of independent twodirectional horizontal acceleration histories, generated synthetically to account for the SVGM in terms of the wave passage and the incoherence effects. Each set of acceleration histories consists of four different two-directional accelerograms that are applied to the four different, horizontally restrained, supports of the bridge model (abutments and towers). Spectrum-compatible sets of accelerograms are generated parallel to the two horizontal components of the seismic motion.The target spectrum associated with one of these components is reduced by 70% with respect to the other [16] in order to distinguish between the principal components of the earthquake motion. The accelerograms are obtained only for soil type D with different wave propagation velocities in the range of 250-2000 m/s to consider the propagation of the seismic waves in different soils [17] . A peak ground acceleration of 0.5g is selected and the elastic design spectrum as defined in Eurocode 8:Part 1 [10] is adopted for the generation of the signals with a ξ=2% elastic damping ratio. The methodology proposed by Deodatis [18] is employed for the generation of the spectrum compatible acceleration histories through an iterative scheme that is based on the assumption that the response spectra of the generated histories, hereafter referred to as 'obtained RS' are compared to the target RS and until acceptable convergence is reached (eq. 1).
where: S j j (ω) is the resulting power spectral density at station j for the next iteration; RS target j (ω) is the target acceleration RS at station j and RS f (i) (ω) is the resulting acceleration RS from the i th iteration. Figure 2a illustrates a complete set of acceleration histories along the X direction for the four supports of the bridge featuring time delay between supports and loss of coherency. The signals are considered acceptable when the obtained RS of each signal falls within the range 90%-110% of the target RS ( fig. 2b ).
Coherency of the signals
Regarding the incoherence effect, the model proposed by Harichandran and Vanmarcke [19] is compared to the model of Luco and Wong [20] (Table 1 ). For each model, two different earthquake scenarios are considered as can be seen in Table 2 parameters. 'H & W' presents higher loss of coherency than 'H & V' in the low frequency range and this might overestimate the effect of SVGM on the response of the bridges. This is because a lower rate of coherency between signals results in a more pronounced effect on the differential displacements between the corresponding supports. On the other hand 'L & W' models are expected to underestimate the effect of SVGM because they result in completely coherent motions in the low frequency range which is important in cable-stayed bridges. To verify the influence of the adopted coherency model on the structural response, Figure 3b compares the peak seismic longitudinal bending moment along the height of the tower in the bridge with 400 m main span. It is observed that 'H & V' yields bending moments that are kept between the respective values of the two other 'extreme' coherency models and for this reason this model is adopted for the final signals. Table 1 . Adopted coherency models.
where: is the separation distance a d is the parameter that controls the decay of the coherency model f is the circular frequency ω is the frequency ξ is the distance between two consequent supports Figure 4 shows the longitudinal, M yy , and transverse, M xx , response of the proposed cable-stayed bridges. The coloured lines represent the average response from the applied accelerations for the different velocities adopted, and the grey band around the average response under the assumption of the assumption of synchronous motion represents one standard deviation. Overall, the SVGM is critical in the longitudinal direction whereas it has a relatively small effect in the transverse direction. The presence of the cable-system contributes to this increment in the longitudinal response because it restrains the towers in this direction. Additionally, in both directions the tower of the shortest bridge is most vulnerable against the asynchronous motion, which verifies the finding that stiffer structures are more prone to be affected by the SVGM [6] . Finally, lower propagation velocities of the seismic waves result in a more critical response. This is especially clear in the case of the short tower in the longitudinal direction ( fig. 4a, left  plot) , where the SVGM results in higher bending moments along the height of the tower. As the velocity increases the response tends to resemble that from the synchronous motions, which is due to the fact that pseudo-static forces progressively decrease as the wave propagation velocity tends to infinity.
Results and discussion
It is interesting to note that in the case of the short tower the lowest velocity imposes a delay of dt=0.8 s in the ground motion of both towers (spaced 200 m apart). This is close to the 8 th vibration mode of the bridge (T =0.76 s) which is an anti-symmetric longitudinal vibration mode that involves longitudinal response of the towers and it could explain the amplified response due to the SVGM. Similarly, the intermediate velocity (c=1000 m/s) results in a delay of dt=0.2 s in the ground motion of both towers in the same bridge, corresponding to a higher-order anti-symmetric vibration mode (T =0.21 s) that involves mainly the longitudinal movement of the upper part of the tower, resulting in the increased longitudinal response of the tower in the area of the cable-system.
Conclusions
This paper examines the effect of the SVGM on the towers of cable-stayed bridges with 200, 400 and 600 m main spans. Different wave propagation velocities in the range 250-2000 m/s are considered, to account for the propagation in different soils. The study also examines different coherency models for the seismic motion and discusses the impact they have on the response of the bridge. The adopted methodology for the generation of multivariate, nonstationary, spectrum compatible acceleration histories that account for the wave passage and incoherence effects is also presented. The results of response-history dynamic analyses show that the effect of the asynchronous motion on the towers of cable-stayed bridges is especially important in the longitudinal direction. The influence of the SVGM is found to be strongly dependent on the stiffness of the towers because shorter towers are found more vulnerable against the SVGM. Additionally, lower wave propagation velocities result in amplified response values compared to higher velocities. Finally, it is seen that the rate of coherency between the signals affects the response of the towers. Consequently, the SVGM should be examined for various wave propagation velocities in the seismic design of longspan cable-stayed bridges, taking also account of the correlation between the differential seismic motions through various coherency models.
